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WhysstudytherGathode'?,

CREVICE Crevice corrosion may occur in
Y restricted regions due to transport
2 — limitations, followed by a build-up of a

highly corrosive chemistry, capable of

r* - = @ dissolving the metal.
Anode Cathode

L odic = leathodic € Anodic and Cathodic regions are coupled

Unlike conventional corrosion, cathodic limitation to localized
corrosion may exist due to :

= Presence of extremely thin (~microns) layer of electrolyte film

= Discontinuous electrolyte layer limiting the cathodic region

= Oxygen diffusion limitation in the electrolyte film due to the
presence of particulates




OBYECTIVIEES

 Modeling and simulation (3-D) of the cathode current capacity in
presence of uniform particulate monolayer (on the cathode) at steady
state

e Comparison to 2-D simulation for homogeneous electrolyte
Incorporating approximations for effective conductivity and area

coverage by particles MOTIVATION

Insulatorf Crevics Particulates affect the current
distribution and capacity (l,,):-

. Inert Particles

1. Increasing ohmic resistance to
secroieLaver  CUITENT flow in solution (“volume
effect”)

Active Crevice
I Anode > = T o .
Crevice Gap - . a8 2. Decreasing electrode area

(“surface effect”)

Passive Metal
I Cathode

3. Increasing O, mass transfer

OST | limitations
@ &




Schematic Diagram of:Polarization Curye for Stainless

Steel (5SS 216)
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APPROAGCH

Cathodic region is decoupled from the localized corrosion region.

DECOUPLED CATHODE
MODEL

SCHEMATIC DIAGRAM OF A CREVICE

Crevice
Gap (G,) 3 "t
s G,
= Cathode
v
A —————-
L

Length of Cathode from
Crevice Mouth (L)




FAGIHORS EORWODELINGOEPARIICULEATES

PARAMETERS (of particulate layer) REAL SYSTEM

Particle size W
——

Particle arrangement

e o

Particle shape

Anode Cathode
 Electrode area coverage (A,cve/Ageometric)
* Volume fraction blockage (V¢ ution! Viotal) ‘
MODELING CONSTRAINTS
MODEL GEOMETRY

Uniform particle distribution

o Steady state G, } IG
a f
« Monolayer of particles A< - >

(height

Virtual

= thiCkneSSelectrolyte) Anode

¢ Cathode

particle

No chemical changes




MEIHODOIEOGY,

3-D Simulations based on particle shape, size & distribution:

1. Select Particle (shape & size)

baseP

basep '

2. Fix Distribution and Arrangement

(eAactivel Ageometric and VsolutionlV total)

Cathode particle

= (;f

Cathode capacity is explored in the range:
a. Length of cathode (L. : 0.01 - 0.4 cm)

b. Solution conductivity (« :

3. Run Simulations (3-D in FEMLAB®
1.21 x10-1 - and 2-D in CELL-DESIGN®) exploring

1.21x 103 S/cm, [1 to 0.01 M CI-]) parameters

c. Oxygen reduction kinetics (i, = 107 - G.$ thf
< >

10-11 A/cm?)

d. Repassivation potential (E,, =-0.56 to

-0.11 VNHE)

c

Base Parameters: E,; =-0.31 V,,
Eoc = 0.19 Ve i, = 10° Alcm?,

NHE?’ "o

B.=0.1V/dec, k =1.21 x 102 S/cm




MEIHODOIEOGY

Compare using simple analytical expressions accounting for particle effects:
1. Particle effects on bulk solution conductivity

Bruggeman'’s %
Equation Keff — K(l - ¢sand)

b= Vol(sand)
where 4 Vol(sand + solution)

2. Cathode surface blockage by particles

A
A

active

_ Area(geometric) -Area(part ICle base)
Area(geometric)

geometric

Equivalent exchange current density:
A

v active
I, =1, X —E—

A

geometric

3. Combination of the two (Bruggeman’s + area correction)




CathodeiGCurzent-bDensity Parameters:

Crevice
Gap (G,)
Film
V> V| —— -

o -_'_- -
® >
at Erp Length of Cathode from

Crevice Mouth (L)

(Gy)

Oxygen
Reduction
Kinetics

cathode =0

KINETICS OF
CATHODE:

\.

ﬁ@ OST&I ANODE - A virtual anode is set at the crevice opening: ®_ 4. = E

-0.20

-0.24

-0.28

-0.32

T -0.36
0.8 1

.
X=L,

0.4 0.6

Cathode

0 0.2

X=0

(i, = i * exp{- (a,F/RT)*(Veathode _ E cathode _ )} [TAFEL KINETICS]

[® — ohmic potential drop in solution]

Vcathode =0V

Eocathode =+0.19 V\HE

[E,cathode — constant, value for SS 316 used)]

i = iy * exp{ (0, ,F/RT) (0.19 + @)}

rp




ParticierDistrbutionionGathode:

Particles represented as 25 um cubes placed equidistant to each other and
to the edges of the finite cathode:

(Top View)
2 Sum 5pum
25 um 25 1 l¢ thode
-+ 2T I
Anode 90 um
active —0.306
geometric
Vsolution
=0.306
\"/ i
geometric

2)OST:l
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3-D Simulation of Current Flow:in Sojution (FEMLABE)

2)OST:l

LW, ooy o Somrin el pctenlogy ol infarrarert

A ..
active

A .
geometric

Vsolution

Vv .
geometric

=0.306

=0.306

Current arrows
indicating
magnitude and

Geometry

k=1.21x102 S/cm,
i, =10° Alcm?,

Be = 0.1 Videc,

E,, = -0.31 Vyye,
Eo . = 0.19 Ve,

i, =2.2e-4 Alcm?,
L.=0.18 cm

Anode

Anode

Cathode

Lbager = 28 um

- > \1

L=018cm

Mo electralyte
above the
Lh%P = Zﬂ l:"/ particles

Cathode

[
L=018cm

30 pm

B=

25 um

Gy =




3-D)Simulation of Potential Drop(E)in Sojution (FEMLAB®)

Anode

LhaseP =25 um

=

L=018cm

above the
LhaseP = 23 l:r/ par‘[icles

Cathode

T
L=018cm

ﬁ)c)STk

Lo Lo ol foarrs el fectrmlogy ) inferrartsred

X = LC .;f:..-
Cathode P .
|k Agctive _ 0.306 Geometry
E geometric " =L
(ﬁ \V} . - (o]
m v solution —0.306 ()."S) \,
geometric
MNo electrolyte .
\ Variation of E 1
along the ]
length of the
cathode '
k=1.21x102 S/cm,
i, =10° Alcm?,
B. = 0.1 V/dec,
E,, = -0.31 Ve,
Potential Map Eoc = 0.19 Ve,
i, =2.2e-4 Alcm?,
L.=0.18 cm Eit X = ()
E=E_=-031V




Comparison of:3:D;Simulations, to; 2-D;Voelume and Area

Corrections:
zlnE_os - Cathode
(with mass transfer /lz-o, Bruggeman A, ctive R
limitation) =L \ i
1.6E-08 - geometric g . . B. I S
I V A 3 = 'c'm i
< 12E08 IZ'D’ GG v solution _ ( 306 q/ ] 0'18N0§|mhm
Rl = 0 al ov_et -]
= A/ 3 D, partlcle geometrlc L, p=2aM particles -
© 8.0E-09 | 3 I g
- \ k = 1.21x102 S/cm, | Ceode / |7
i =10 Alcmz, L=0.18cm
4.0E-08 1 I2-D, area+Bruggeman [;’ = 0.1 Videc
c . ’
Erp = '0-31 VNHE’
0.0E+00 . , 1 Eoc=0.19 Ve,
0 0.1 0.2 0.3 0.4 i = 2.2e-4 Alcm?

L [cm]
* Volume (Bruggeman) and surface coverage (area) corrections in 2-D
simulations produce accurate 3-D results
* Independently, area or volume correction are insufficient

o Similar results obtained without mass transfer limitations

2 OST:l

LW, ooy o Somrin el pctenlogy ol infarrarert




EffectiofiErocessikRarameterSislEx g, k)

1.E-06 1.2E-08
i, =10° Alcm?, « =12.1 mS/cm, | ]
1.E-07 - E,, = vary, G; = 25 um 3-D, par\tAlcle
) 1.E-08 8.0E-09 -
< [P <
—= 1.E09 - == PATHCio —
3 3 |
— 1.E-10 |2-D, T T _ 8 40809 2-D, area+Bruggeman
1.E11 - i, = 109Alcm2 K= vary,
1.E12 , :
0.0E+00 . .
R 'ME [\;J i ] e e 1.E-03 1.E-02 1.E-01 1.E+00
rp LYNHE K [S/cm]
1.E'UT . Cathode
active —0.306 Lo = 28 um
I ) . AL
3-D, particle geometrlc 3 . .gg. |G§
1.6-08 Vv _ . .
2 v solution —0.306 é oo 1nom
= Mo electrolyte
< geometric Lo as;aizzf
o 3 s
—‘H — - 2 — ’% IL
i = vary, x = 12.1 mSicm, L =2.2e-4 Alcm4,L_=0.18 cm - &
. E = -0.31 Ve Gf 25 um L=0d o
1.E-10 o
s foe her A di Volume (Bruggeman) and surface (area)

ver rrections in 2-D simulation
[Alcm?] coverage corrections simulations

® OST&I o produce accurate 3-D results




Effect of Mass liransfer (Mip Limitationionili,.sninPresence of

Particles:
1.E-06 1.6E-08
i~ I3-D, particle I3-D, particle /
‘ (without MT) 12e08 | (Without MT) 7
r— 1.E-08
< /!
— 1.E-09 8.0E-09 -
2 I3-D, particle \|3-D, particle
— 1e10 | (with MT) (with MT)
4.0E-09 -
1.E-11 {i, = 10° A/lcm?, x = 12.1 mS/cm; i, =10° Alcm?, = vary,
E,, = vary, G; =25 um E,, =-0.5 Vnhe, G; =25 um
1.E-12 T ) T 0.0E+00 T -
-0.6 0.4 -0.2 o 0.2 1.E-03 1.E-02 1.E-01 1.E+00
E. [Viel Kk [S/cm]
184 i, =2.2e-4 Alcm?,L_=0.18 cm

I3-D, particle TSIy

s Aactive -0.306 T : 7
1.6-07 | (WlthOUt\i"T) ' A Jcometric Tﬁi -Egl

E i Vsolution =0.306
it 3., particte “geometri
i (with MT)  MT effects significant for
1.E-09

i, = vary, = 12.1 mS/cm, * Large potential driving force (high E, ),
st ] E,, =-0.5 Vnhe, G;= 25 um

1.E-11 LEA0  1E09  1E08  1E07  Fast kinetics (large i ) and

2)OSTel i [Aa/em?] - High solution conductivity (large ).

LW, ooy o Somrin el pctenlogy ol infarrarert




Effect of ParticlefArrangementoniCathoderCGapacity (l;,:.):

A ..
Lba aF‘ = 25 pm }hﬂdﬁ actlve _ 0 306 Lba ceP = 25 }hﬂdﬁ
Agwometrie | | [
[ m m| H™ Bl 11G
=] =]
g " - Vo - " -
m solution —0.306 m
\V/ - W
L. Length geometric Length
Mo electralyte Increased in Mo electralyte Increased in

Lbaser / ﬁph;r:;lerchf’ this direction k= 1.21x102 S/cm, LH;;s&P / ﬁphanr:m.;hg this direction
e i, =10° Alcm?,

g B. = 0.1 Videc, S
UL WG | (BT oo
Cathode - E,.=0.19 Ve, Cathode -
L, i, = 2.2e-4 Alcm?, L.
L.=0.18
12608 N - < cm_ —
(with mass transfer limitation)
V'e
8.0E-09 - . .
[ J
< Particles of same size and
— shape give almost identical
s |2.D, area+Bruggeman I irrespective of
- 4.0E-09 total’
arrangement
0.0E+00

0.2 0.4

2 OST:l | L, [cm]
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Effect ofVariation of;SolutionandiArea Coverage ofiParticles onl; . :

A .
geometric

Vsolution

Lyssep = 10 pm

C}hude

C
=

=0.889

Length
Increased in
this directiony

g hl &
2 H B s
< n
1]
Lc
Mo @léctralyts
LInuP abwrea tha
/ particies
@
=
‘EI l ﬁ . l IGf=HF=25|Lm
e Cathode |
- Ll
L

A .
geometric

Vsolution -

Lbu =
@
k=]
[=]
s
=X
Lc Length
Mo electrolyte Increased in
Loaser / e e this direction
@
E IG,: H, =25 pm
<L
| Cathode N
L.

A .
geometric

\"/ luti
solution =0.306

C}hude
HEE:

L. Length
Mo @lectrolyte Increased in
LInuP

atwrve the this directiony
— / panicias
1 B B RCTET

|, Cathode |

- Ll

L

C

Lysgep = 25 pm

Anode

Anode

(with mass transfer
limitation)

—}—

2-D, area+Bruggeman

Itotal [A]

3.2E

24E-08

1.6E-08

8.0E-09

0.0E+00

0

0.3

 Volume and surface
coverage significantly

affects |, .,

e 2-D corrections are
valid
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OtherkarticierShapes:Considered:

Aactive Vso|ution Aactive . Vsolution Aactive Vsolution
A—=0.454 ;——————=0.454 A—=0.850,—=0-450 A—=0.390 ;——————=0.706
geometric geometric geometric geometric geometric geometric
Dpasep = 25 pm S}]huda Dp = 25 pm S}]huda Lpasep =25 pm  Cathode
o @@ XX i S oo
=1 =] =1 =] =] =
] = =
s , - z y 5 . -
o (v ] m
L. Length L. Length L. Length
Mo electrodyte Increased in M.;. electrolyte Increased in Mo electrolyte Increased in
Diaser ibove the this direction above the this direction L above the this direction
M / parhclas paricles baseP /pamc\es
L o] €L
T k= o
Ut | Ij_._._Ief oesomn | [§ LA At s
< Cathode .l < Cathode .l D Cathode |
L. L. L

Volume and surface coverage significantly affects |,

2-D corrections are valid

® OST:l




CONCIEUSIONS

I. 3-D Simulation of cathode with particulates
under the following conditions :

i. Uniform particle distribution
i. A__...JA 2 0.3

active'” "geometric
iii. V

Vi 2 0.3

solution

indicate;

1. Particles in electrolyte exhibit both, volumetric (solution) and
cathode area (interfacial kinetic) effects

2. Shape and arrangement of particles has negligible effect

3. Mass transport limitations become significant under
conditions for high cathode capacities

4. Most of the contribution to the current is close to the anode
Il. 2-D modeling for homogeneous electrolyte corrected for
- Volume effect (Bruggeman)

- Surface area effect

predicts the cathode capacity in the presence of particulates
@ OST&I under above conditions.




QLESTIONS




